I. Introduction
===============

Retinopathies, such as diabetic retinopathy, are major causes of blindness and visual loss. The pathogenesis of some retinopathies with a local or systemic origin is closely associated with structural and functional alterations of the retinal microvasculature. Although the initiating factors and early stages of retinopathies vary, pathogenesis results in impairment of the blood supply, particularly oxygen transport and delivery \[[@B4]\]. The main function of retinal microvessels is to provide retinal tissue with oxygen and to respond to changing oxygen demands \[[@B10], [@B11], [@B24]\]. Therefore, identifying the relationships between retinal microvascular changes and the damage to retinal neurons and glial cells are very important for the understanding and therapeutic evaluation of retinopathies.

Currently, retinal microvessels are identified using a number of imaging techniques, each with specific disadvantages. These detection techniques include: histochemical assays that target enzymes enriched in blood vessels \[[@B3], [@B18]\], immunohistochemistry for vascular associated antigens (i.e. von Willebrand factor: a substance synthesised by, stored in, and released by endothelial cells) \[[@B2], [@B9], [@B20]\], perfusion with ink \[[@B1], [@B5]\], and use of fluorescein sodium \[[@B14], [@B21], [@B28]\]. Histochemical assays and immunohistochemistry are limited to investigations of retinal microvessel changes and neurons or glial cells damage in the same archival rat retina. This limitation is partly due to the fact that thickness of nerve fibre layer is thinner in the periphery than that in the central which affects the results of immunostaining and the detection of enzymes' activity. Fluorescein sodium labeling fades easily and is not suitable for use in animals that lack retinal pigments \[[@B16]\]. These disadvantages limit the use of these labeling methods.

Simple ink perfusion is an old method for detecting microvessels. A large number of labs \[[@B8], [@B15], [@B17], [@B23], [@B27]\] still adopt it due to the following advantages: simplicity, affordability \[[@B5]\], applicability to a wide range of tissue, and suitability for quantification by stereological methods \[[@B30]\]. Unfortunately, ink dissolves quickly in aqueous solutions and easily flows away, which leads to the unsatisfactory filling of ink perfusion in large and small vessels. Additionally, ink perfusion is difficult to combine with other morphologic methods \[[@B5], [@B25], [@B31]\]. These disadvantages limited the use of simple ink perfusion. However, due to its above advantages, ink perfusion would be a powerful technique to study retinopathies if the disadvantages of the technique were overcome.

Gelatin is an extractive from the collegen inside animals' connective tissue, which can be dissolved in water at temperatures above 40°C and then coagulated into a gel at temperatures below 30°C. Using this feature of gelatin, Tata *et al.* combined the ink perfusion with gelatin and perfused the ink-gelatin mixture into rat brain to investigate brain capillary structure \[[@B30]\]. However, the question is still open whether the gelatin-ink perfusion overcomes the above disadvantages of simple ink perfusion and can be used to fill completely the rat retinal microvessels, an end arterial system which is quite different from the network of the brain microvessels. In this study, we tried to optimize the gelatin-ink perfusion method of rat retinae and tested whether the labeling was comparable to the widely used von Willebrand factor (vWf) immunostaining for the rat retina. We also investigated whether this labeling technique affected the following labeling of retinal neurons and glial cells in the same tissue.

II. Material and Methods
========================

Animals
-------

Ninety adult Sprague-Dawley rats (200--250 g) were used in this study (purchased from Central South University, P.R.C.). All animals were housed under controlled environmental conditions on a 12 hr light/dark cycle with *ad libitum* access to food and water. All protocols were approved by the local animal ethics committee and were in conformance with the Chinese government animal protection and management law and the guidelines on animal experiments at our university.

The design of the experiments. Firstly, 60 rats were subjected to 20 combinations (n=3 in each combination) of different gelatin concentrations (0%, 1%, 3% and 5%) and perfusion pressures (100%, 120%, 140%, 160% and 180% rat mean arterial pressure (MAP)) during retinal perfusion. Based on the data from these 60 rats, we found that perfusion with 3% gelatin-ink at a perfusion pressure of 140% rat MAP completely filled the peripheral retinal vessel lumen, but only partially filled the central vessels; in contrast, perfusion conditions of 5% gelatin-ink at a perfusion pressure of 180% rat MAP more completely filled the central retinal vessel lumen, but not the peripheral vessels. Hence, we hypothesized that a combination of the two perfusion conditions (3% and 5% gelatin-ink mixtures) would completely fill the central and peripheral retinal vessel lumen and would be the optimal condition for the ink-gelatin infusion method. Secondly, 12 rats were used for evaluation of the retinal vessel labeling outcome of the gelatin-ink perfusion method under the optimal condition (n=6) by using the vWf immunostaining (n=6) as control. Finally, in order to investigate whether this improved labeling technique affected the following labeling of retinal neurons and glial cells in the same tissue, 18 rats were randomly divided into gelatin-ink (n=6), control (n=6) and fluorogold group (n=6).

Preparation of gelatin-ink mixture
----------------------------------

The Chinese ink and gelatin were purchased from the Yi De Ge Ink Company (Beijing, China) and the Shanghai Chemical Reagent Corp. (Shanghai, China), respectively. The gelatin was dissolved in double distilled water at 50°C, being made up of different concentrations of the gelatin solutions. The pure ink and each concentration of gelatin solution were then mixed at 1:1 in volume to serve as the final perfusion fluid.

Infusion of ink-gelatin mixture and retinal tissue preparation
--------------------------------------------------------------

We used methods described previously \[[@B6]\], with slight modifications. The systolic blood pressure of each conscious rat was measured using the tailcuff method with an electro-sphygmomanometer (BL-New Century, Chengdu, China). The MAP for each rat was averaged from three separate measurements. The MAP for all rats was 113±7 mmHg.

Under deep anesthesia, the thoracic cavity of the rat was opened, and the right atrium was cut to ensure outflow. Blood washout was achieved with a left ventricular puncture using a 12-gauge needle and a constant pressure perfusion assembly. The washout medium was 0.9% saline at 37°C. The abdominal aorta was ligated just under the diaphragm. When the fluid flowing out of the right atrium was clear, rats were infused with a gelatin-ink mixture at a perfusion pressure based on the MAP at 37°C. The superior vena was ligated after the ink was observed exiting from the right atrium, and the thoracic aorta was ligated at the end of the infusion. Successful perfusion was indicated by marked blackening of the eyes, snout and ears. In order to coagulate the gelatin-ink mixture, the rats were placed at 4°C for 40 min. Then the eyes were enucleated, the corneas were incised, and the lenses removed. The retina, or the remainder of the eye, was post-fixed in 4% paraformaldehyde for 4 hr at 4°C and then immersed in 30% sucrose. Cross sections through the optic disc of the left retinae were cut at a thickness of 14 µm by a cryostat machine, mounted on glass slides, dried at room temperature, and stored at −20°C. Whole-mounts of right retinae were prepared on a glass slides, dried at room temperature, and stored at −20°C.

Criteria to evaluate filling effect of ink-gelatin perfusion rat retinal microvessels
-------------------------------------------------------------------------------------

The filling effect of ink-gelatin perfusion includes: (i) continuity of vascular trunks and branches; (ii) the homogeneity of ink-gelatin filled cavity of different-size vessels; (iii) a cut-off border of the different-size vessels.

Tissue preparation of retina without the gelatin-ink perfusion
--------------------------------------------------------------

Under deep anesthesia, rats were perfused at rat MAP through the left ventricle with 0.9% saline followed by 500 ml 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Both right and left eyes were enucleated. Other methods were the same as those described above.

Retinal ganglion cell labeling with fluorogold
----------------------------------------------

Slight modifications were made to this previously described technique \[[@B26]\]. The rat was anesthetized peritoneally with 10% chloral hydrate (0.4 µl/kg). Both superior colliculi were exposed, and the pia overlying the superior colliculus was removed. A piece of gelfoam soaked in a solution of 5% fluorogold (Fluorochrome, LLC) and 10% dimethylsulphoxide in saline was placed on top of the superior colliculus, and the skin was sutured. Seven days later, the animals were first infused with 20 ml of 37°C ink containing 3% gelatin at 140% rat MAP, and then with 20 ml of 37°C ink containing 5% gelatin at 180% rat MAP. Whole mount retinae were observed using fluorescence microscopy. Peripheral and central retinal cells, which were labeled with fluorogold were photographed.

Immunofluorescence
------------------

For immunofluorescence experiments, sections and whole retinae that were stored at −20°C were warmed to room temperature and rehydrated with 0.01 M phosphate buffered saline (PBS) for 10 min. The samples were incubated in blocking solution (5% BSA and 0.3% Triton X-100 in 0.1 M PB) for 2 hr at room temperature. Then the sections were incubated in rabbit antiserum directed against von Willebrand factor (vWf) (1:200, Chemicon) overnight at 4°C. The whole retinae were incubated in the same antisera to vWf (1:500) for 48 hr at 4°C. After three washes in PBS, the sections were incubated in the corresponding secondary antibodies (1:200, Vector) for 1.5 hr at room temperature. The whole retinae were incubated in the same secondary antibodies (1:200, Vector) overnight at 4°C. Following a PBS wash, the sections were incubated in fluorescein isothiocyanate (FITC)-conjugated-anti-rabbit IgG (1:200, Vector) for 1 hr at room temperature. The whole retinae were incubated in the same IgG (1:200) for 3 hr at room temperature. After three washes, the sections and whole retinae were dried at room temperature for 5 min and coverslipped with an aqueous mount. As negative controls, an adjacent series of sections were processed using the same procedures without the primary antibodies.

Immunohistochemistry
--------------------

Sections stored at −20°C were warmed up to room temperature, rehydrated and incubated in 0.3% hydrogen peroxide for 15 min to block endogenous peroxidase activity. After incubation in blocking solution (5% BSA and 0.3% Triton X-100 in P.B.) for 1 hr at room temperature, the sections were incubated in polyclonal anti-rat antibodies against either NeuN (raised in mouse, 1:200, Chemicon), parvalbumin (raised in mouse, 1:2000, Chemicon) or glial fibrillary acidic protein (GFAP, raised in rabbit, 1:1000, Vector) overnight at 4°C. After three washes with PBS, the sections were incubated in the corresponding secondary antibodies (1:200, Vector) for 1.5 hr at room temperature. Then, the sections were incubated in the avidin-biotin-peroxidase complex (ABC) reagent (1:200, Vector) for 1 hr at room temperature, rinsed and stained with 0.05% 3,3\'-diaminobenzidine (DAB, Sigma) in the presence of 0.01% hydrogen peroxide. As negative controls, an adjacent series of sections were processed using the same procedures by removing primary antibodies. All sections were dried, dehydrated and coverslipped.

III. Results
============

Optimization of the gelatin-ink infusion technique
--------------------------------------------------

In previous reports, the effects of ink perfusion varied greatly with perfusion methods \[[@B1], [@B5], [@B19], [@B29], [@B31]\]. In order to optimize the gelatin-ink infusion of rat retinae, we chose an ink temperature of 37°C, based on the physico-chemical properties of gelatin and rat body temperature, and four concentration gelatin-ink (0%, 1%, 3% and 5% gelatin in ink) with five perfusion pressures (100%, 120%, 140%, 160% and 180% rat MAP).

Ink alone or 1% gelatin-ink perfusion at 100%, 120%, 140%, 160% or 180% rat MAP showed the discontinuity of central and peripheral vessels and a poor filling in the central and peripheral retinal vessel lumen (data not shown). Three percent gelatin-ink infusion did achieve a complete filling of peripheral retinal vessel lumen with a satisfactory vascular continuity when the perfusion pressure reached 140% rat MAP (Fig. [1](#F1){ref-type="fig"}B), but the filling of the central vessels, just like that of Figure [1](#F1){ref-type="fig"}A, was unsatisfactory. Similar results were observed under conditions of 3% gelatin-ink combined with 160% or 180% rat MAP. In contrast, perfusion conditions of 5% gelatin-ink at a perfusion pressure of 180% rat MAP more completely filled the central retinal vessel lumen, but not the peripheral vessels (Fig. [1](#F1){ref-type="fig"}C and D). Under conditions using 5% gelatin-ink at the rest pressures, due to the high viscosity of 5% gelatin-ink, a less filling effect was achieved in central and peripheral vessels when compared to that in the condition using 5% gelatin-ink at 180% rat MAP (data not shown).

Based on the above results, we hypothesized that a combination of the two perfusion conditions (3% and 5% gelatin-ink mixtures) would completely fill the central and peripheral retinal vessel lumen. To test this hypothesis, rats were first infused with 20 ml of 37°C ink plus 3% gelatin at 140% rat MAP. Then the rats were infused with 20 ml of 37°C ink plus 5% gelatin at 180% rat MAP. As shown in Figures [2](#F2){ref-type="fig"}A and B, both the central and peripheral vessels showed a satisfactory continuity and the lumen were completely filled. Moreover, there existed no ink leakage into the retina and thus the contrast between the vessels and surrounding tissue was improved dramatically.

Comparison of vessel labeling with gelatin-ink infusion or vWf immunostaining
-----------------------------------------------------------------------------

In whole-mount retinae, the peripheral vessels stained by vWf were clear networks (Fig. [2](#F2){ref-type="fig"}E), with only a few small branches of vessels in the central part of the retina (Fig. [2](#F2){ref-type="fig"}D). Background staining was substantial. In the retinal sections, only large vessels were labeled in the nerve fiber layer, inner nuclear layer and outer plexiform layer (Fig. [2](#F2){ref-type="fig"}F).

In contrast, in the whole-mount samples treated with gelatin-ink infusions, the central and peripheral vessels appeared as clear, homogeneous, black networks (Fig. [2](#F2){ref-type="fig"}A and B). The vessels were distinct in contrast with the surrounding tissues. In the retinal sections, black cross-sections of vessels with distinct borders were observed in the nerve fiber layer, inner nuclear layer and outer plexiform layer (Fig. [2](#F2){ref-type="fig"}C). The number of gelatin-ink labeled vessels was significantly larger than that marked by vWf (Fig. [2](#F2){ref-type="fig"}F).

Double labeling with gelatin-ink infusion and immunohistochemistry
------------------------------------------------------------------

NeuN and parvalbumin are markers for neurons, and GFAP is a marker for astrocytes. Our immunostaining results for rat retina were similar to those of other studies \[[@B7], [@B12], [@B32]\]. NeuN-labeled neurons were observed mainly in the ganglion cell layer (Fig. [3](#F3){ref-type="fig"}A). Parvalbumin immunoreactivity was observed mainly in the retinal inner part, and in particular in the inner nuclear layer (Fig. [3](#F3){ref-type="fig"}B). In contrast, GFAP immunoreactivity was mainly located in glial cell processes, which extended from the ganglion cell layer to the outer plexiform layer and even to the outer nuclear layer (Fig. [3](#F3){ref-type="fig"}C).

In the retina treated with gelatin-ink, many black cross-sections of vessels were filled. The immunohistochemistry results for NeuN (Fig. [3](#F3){ref-type="fig"}D), parvalbumin (Fig. [3](#F3){ref-type="fig"}E) and GFAP (Fig. [3](#F3){ref-type="fig"}F) in samples treated with gelatin-ink infusion were similar to results in untreated retinae. In these experiments, gelatin-ink infusion had no effect on the immunostaining of retinal neurons and glial cells.

Double labeling with gelatin-ink infusion and fluorogold
--------------------------------------------------------

Fluorogold retrograde labeling is a commonly used marker for retinal ganglion cells. After gelatin-ink perfusion, fluorogold labeled retinal ganglion cells were well-visualized both in the central (Fig. [3](#F3){ref-type="fig"}G) and peripheral (Fig. [3](#F3){ref-type="fig"}H) part of retinae. The double labeling provided a strategy to precisely visualize the spatial relationship between retinal ganglion cells and vessels.

IV. Discussion
==============

The aim of this study was to improve the gelatin-ink perfusion method to better visualize rat retinal microvessels and extend the practical scale of this classic method. In order to accomplish this aim, we tested twenty combinations by using four kinds of gelatin concentration and five kinds of perfusion pressure. We found that 3% gelatin-ink with the perfusion pressure of 140% rat MAP and then 5% gelatin-ink mixtures with the perfusion pressure of 180% rat MAP, perfectly labeled both central and peripheral vessels based on the evaluation standard. Then, we used vWf immunostaining to further evaluate the labeling effect of the newly-improved method.

vWf is widely used as a marker of vessels in all kinds of archival tissues, however expression of vWf depends on the fuctional status of the endothelium \[[@B20]\] and also varies with different sized vessels. For example, Barou seldom detected vWF positive staining in the capillaries in bone \[[@B1]\]. Similarly, in our studies of retinal sections, vWf immunostaining mainly appeared in the larger vessels of the nerve fiber layer, inner nuclear layer and outer plexiform layer, and sparsely in capillaries. The different staining characteristics of larger vessels and capillaries in our study may reflect differences in vWf expression levels. Additionally, we also found that small peripheral and central vessels were not clearly marked by vWf at the same time. This vWf labeling pattern was similar to that of laminin, another vessel marker, and pepsin digestion was shown to increase laminin labeling \[[@B2]\]. Hence, the uneven vWf labeling observed in peripheral and central vessels may result from the fact that the thickness of the nerve fiber layer is thick in the central part and comparatively thin in the peripheral part of the retina. This unique anatomic feature led to a poor penetration of anti-vWf antibody in central vessels and a better penetration in peripheral vessels during the immunostaining. Although application of tissue-digestive regeants (like pepsin) will improve the permeability of the central retina, it will also non-selectively destroy the comparatively appropriate permeability of the peripheral retina. We concluded that standard vWf immunostaining cannot efficiently label all retinal vessels.

In the present study, the central and peripheral retinal vessels of all size ranges were labeled with gelatin-ink perfusion in both whole-mounts and sections. No ink leakage into the retina occurred, and the contrast between the vessels and the surrounding tissues was dramatically improved. Gelatin-ink perfusion may be used for complete visualization of rat retinal microvessels, overcoming the disadvantages of vWf immunostaining and only ink perfusion. Researchers can use this technique to accurately monitor and measure changes in vascular parameters, such as microvessel area and density \[[@B29], [@B30]\].

There is a close relationship between neural activity and vascular perfusion in the retina. Thus, assessing both vascular and neural parameters in the same retinal section or whole mount is very advantageous. Our results showed that gelatin-ink infusion could double label with either immunostaining or fluorogold labeling with a striking contrast. This allows visualization of the close spatial relationship between vessels and neurons and glial cells. Additionally, this double labeling technique could be used to precisely measure microvessel area \[[@B1], [@B22]\], microvessel density \[[@B5]\], neuron number \[[@B30]\], glial cell number or glial cell area \[[@B13]\] in the same retina. These measurements would allow for simple, cost-efficient investigations of the relationship between microvascular changes and neuron and glial cell changes in retinopathies. Regretfully, the gelatin-ink infusion method requires a perfusion procedure before tissue sampling. Therefore the application of this method is limited to the animal experimental system, but not to the tissue sections obtained from human pathological specimens.

In conclusion, gelatin-ink infusion is a useful method for morphological characterization of rat retinal microvessels. Gelatin-ink infusion can be coupled with fluorogold or immunostaining to successfully double label tissue. This technique has wide applicability for labeling the retinal vasculature in both healthy and pathological states.
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![Retinal blood vessel labeling with 3% gelatin-ink or 5% gelatin-ink infusion. In the whole-mounted rat retinal specimens that were infused with the 3% gelatin-ink mixture at a perfusion pressure of 140% rat MAP, the peripheral retinal vessels (**B**) were completely filled, but only partial central vessels (**A**). In contrast, perfusion conditions of 5% gelatin-ink at a perfusion pressure of 180% rat MAP filled the central retinal vessels (**C**), but not the peripheral vessels (**D**). Bar=100 µm.](AHC08015f01){#F1}

![Retinal blood vessels labeling with gelatin-ink infusion or with vWf immunostaining. In the whole-mounted rat retinal specimens that were infused with the gelatin-ink mixture, the central (**A**) and peripheral (**B**) vessels were visible as distinct, homogenous, black networks. (**C**) In rat retinal sections infused with gelatin-ink, black vessels with clear borders were mainly observed in the inner retina. Peripheral vessels (**E**) labeled by vWf were visible in the whole-mounted retina, while only a few branches were labeled in central vessels (**D**). The arrow (**D**) showed the clearly stained small branch of vessels. The number of vessels labeled by vWf (**F**) in the rat retinal section was obviously lower than that labeled by gelatin-ink infusion (**C**). The arrow (**F**) showed the large vessel. Red, vWf immunofluorescence; Blue, Hoechst nuclear staining; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Bar=100 µm.](AHC08015f02){#F2}

![Double labeling with gelatin-ink infusion and either immunohistochemistry or fluorogold labeling. In the rat retina, NeuN-labeled neurons (**A**) were observed mainly in the ganglion cell layer, parvalbumin immunoreactivity (**B**) was observed in the retinal inner layer, and GFAP immunoreactivity (**C**) was present in glial cell processes. Retinae infused with gelatin-ink resulted in filled vessels, which appear as black cross-sections (**D--F**). The immunoreactivity of NeuN (**D**), parvalbumin (**E**) and GFAP (**F**) were similar to those of retinae without gelatin-ink infusion. Double labeling of gelatin-ink infusion with fluorogold in the central (**G**) and peripheral (**H**) in the whole mount of rat retinae show good contrast between vessels (black) and retinal ganglion cells (yellow). Black: vessel sections perfused with gelatin-ink. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Bar=40 µm.](AHC08015f03){#F3}
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